cloning. Second, it is sensitive. Activities can be detected in the purified GST-ORF pools that simply cannot be detected in extracts or cells, the starting point of both conventional purification and expression cloning. Because the GST-ORFs are individually expressed at high levels and are largely free of extract proteins after purification, activities can be measured for hours without competing activities that destroy the substrate, the product, or the enzymes.
In addition to the conventional use demonstrated here, this array could be used in two other ways: (i) to determine the range of potential substrate proteins for any protein-modifying enzyme (such as a protein kinase) before genetic or biochemical tests to establish authentic substrates and (ii) to identify genes encoding proteins that bind any particular macromolecule, ligand, or drug. Thus, one could rapidly ascribe function to many presently unclassified yeast proteins, complementing other genomic approaches to deduce gene function from expression patterns, mutant phenotypes, localization of gene products, and identification of interacting partners.
Nongenomic Transmission Across Generations of Maternal Behavior and Stress Responses in the Rat
Darlene Francis, Josie Diorio, Dong Liu, Michael J. Meaney* In the rat, variations in maternal care appear to influence the development of behavioral and endocrine responses to stress in the offspring. The results of cross-fostering studies reported here provide evidence for (i) a causal relationship between maternal behavior and stress reactivity in the offspring and (ii) the transmission of such individual differences in maternal behavior from one generation of females to the next. Moreover, an environmental manipulation imposed during early development that alters maternal behavior can then affect the pattern of transmission in subsequent generations. Taken together, these findings indicate that variations in maternal care can serve as the basis for a nongenomic behavioral transmission of individual differences in stress reactivity across generations.
Individual differences in personality traits appear to be transmitted from parents to offspring. A critical question, however, concerns the mode of inheritance. Concordance studies with mono-and dizygotic twins have provided evidence for a genetic mechanism of transmission even of complex traits (1) . In addition, parental behavior influences the development of the offspring (2) and could therefore serve as a mechanism for a nongenomic behavioral mode of inheritance. In the Norway rat (Rattus norvegicus), variations in maternal care are associated with the development of individual differences in behavioral and endocrine responses to stress in the offspring (3, 4 ) . In the studies reported here we have examined the possibility that such variations in maternal care might be the mechanism for a behavioral transmission of individual differences across multiple generations.
Mother-pup contact in the rat occurs primarily within the context of a nest bout that begins when the mother approaches the litter, gathers the pups under her, licks/grooms her pups, and nurses her offspring while continuing to occasionally lick/groom the pups, and terminates when the mother leaves the nest (5) . Naturally occurring variations in maternal licking/grooming and arched-back nursing (LG-ABN) have been associated with the development of individual differences in hypothalamic-pituitaryadrenal (HPA) and behavioral responses to stress in the offspring (3, 4) . As adults, the offspring of high LG-ABN mothers are behaviorally less fearful and show more modest HPA responses to stress than do the offspring of low LG-ABN mothers. The variation in maternal behavior may thus constitute a mechanism for the nongenomic behavioral transmission of fearfulness from parent to offspring. Alternatively, of course, the differences in fearfulness and those in maternal behavior may both be associated with a common genotype so that the observed continuity of individual differences from mother to offspring is mediated by a genomically based pattern of inheritance.
We found that the female offspring of high LG-ABN mothers showed significantly increased licking/grooming of pups in comparison with those of low LG-ABN mothers (12.9 Ϯ 1.0 versus 6.9 Ϯ 1.1; P Ͻ 0.001) (6) which suggests that individual differences in maternal behavior are transmitted across generations. To determine the mode of transmission we performed a cross-fostering study with the offspring of high and low LG-ABN mothers (7) . A primary concern here was that the wholesale fostering of litters between mothers is known to affect maternal behavior (8) . To avoid this problem and maintain the original character of the host litter, no more than 2 of 12 pups were fostered into or from any one litter (7) . The control groups included (i) the offspring of low LG-ABN mothers fostered to other low LG-ABN mothers as well as offspring of high LG-ABN mothers fostered to other high LG-ABN mothers, (ii) sham-adoption animals, which were simply removed from the nest and fostered back to their biological mothers, and (iii) unmanipulated pups of high or low LG-ABN mothers. The limited crossfostering design did not affect group differences in maternal behavior. The frequency of pup licking/grooming ( Fig. 1A ) and arched-back nursing across all groups of high LG-ABN mothers was significantly greater than that for any of the low LG-ABN dams, regardless of litter composition.
The biological female offspring of low LG-ABN dams reared by high LG-ABN mothers were significantly less fearful under conditions of novelty (9) than were any of the female offspring reared by low LG-ABN mothers, including the biological offspring of high LG-ABN mothers (Fig. 1B ). This was also observed for male offspring (10) . A separate group of female offspring was then mated, allowed to give birth, and observed for differences in maternal behavior (6) . The effect on maternal behavior followed the same pattern as that for differences in fearfulness. As adults, the female offspring of low LG-ABN dams reared by high LG-ABN mothers did not differ from normal, high LG-ABN offspring in the frequency of pup licking/grooming (Fig. 1C ) or archedback nursing (10) . The frequency of licking/ grooming and arched-back nursing in animals reared by high LG-ABN mothers was significantly higher than in any of the low LG-ABN groups, including female pups originally born to high LG-ABN mothers but reared by low LG-ABN dams.
Postnatal handling of pups is known to increase the frequency of maternal licking/ grooming and arched-back nursing (11) and to decrease the response to stress in the offspring (12) . Postnatal handling should alter the phenotype of the low LG-ABN offspring, and the behavioral transmission hypothesis would suggest that these effects should then be transmitted to the next generation. To see whether an experimental manipulation that alters maternal behavior would influence the transmission of these individual differences in behavior in subsequent generations, female offspring (F 1 ) of high or low LG-ABN mothers were mated (6), and the pups (F 2 ) in one-half of the litters in each group were exposed daily to brief sessions of handling (11) . The female offspring of high LG-ABN mothers showed significantly more licking/grooming ( Fig. 2A ) and arched-back nursing than did the offspring of low LG-ABN mothers. Thus, as observed in our earlier study, individual differences in maternal behavior were transmitted across generations. The handling of the pups significantly increased the frequency of maternal licking/grooming and arched-back nursing in the offspring of low LG-ABN mothers but had no effect on the offspring of high LG-ABN mothers ( Fig.  2A) . Thus, the effects of maternal behavior of the low LG-ABN mothers with handled pups was indistinguishable from that of the high LG-ABN mothers. The maternal behavior of the adult female offspring (F 2 ) showed the same pattern ( Fig. 2A ), and this result is consistent with the transmission of individual differences in maternal behavior across generations. As adults, the handled female offspring of low LG-ABN mothers did not differ from the offspring of high LG-ABN dams in the frequency of maternal licking/grooming and arched-back nursing.
The next question concerned the effective transmission of the individual differences in behavioral responses to stress in the unmanipulated offspring (F 3 ) of these females (F 2 ). The level of fearfulness under conditions of novelty in the male or female offspring of handled, low LG-ABN mothers, which did not differ from high LG-ABN mothers in measures of maternal behavior, was comparable to that of the offspring of high LG-ABN mothers (Fig. 2B ). The postnatal handling results suggest that environmental events that affect maternal behavior can alter the pattern of transmission of individual differences in stress reactivity and maternal behavior from one generation to the next.
The effects of variation in maternal care on the development of stress reactivity are mediated by changes in the levels of expression of specific genes in brain regions that regulate behavioral and endocrine responses to stress (3, 4, 13) . In comparison to the offspring of low LG-ABN mothers, the adult offspring of high LG-ABN dams showed increased hippocam- LG-ABN mothers (n ϭ 6 to 8 per group), collapsed over the first 10 days postpartum in the adoption study (6, 7) . The biological offspring of high LG-ABN or low LG-ABN mothers were (i) left undisturbed with their mothers, high/ control (H/C) and low/control (L/C); (ii) crossfostered back onto their own mothers, high/w (H/w) and low/w (L/w); (iii) cross-fostered to mothers of the same group, high-high (H-H) and low-low (L-L); and (iv) cross-fostered across groups, high-low (H-L) and low-high (L-H). No more than two pups were cross-fostered from any one litter. The ANOVA revealed a significant group effect (F ϭ 12.67; P Ͻ 0.0001). Post-hoc analysis revealed that the frequency of licking/grooming was significantly higher in each of the high LG-ABN groups as compared to any one of the low LG-ABN groups (P Ͻ 0.05; differences are indicated by a solid horizontal line). (B) Mean Ϯ SEM time in seconds spent in the inner area of a novel open field (exploration) (9) in the adult female offspring from the cross-fostering study (n ϭ 6 to 8 per group). The ANOVA revealed a significant effect (F ϭ 3.37; P Ͻ 0.05) of the mother, a significant effect of cross-fostering (F ϭ 11.88; P Ͻ 0.0001) and a significant mother ϫ crossfostering interaction effect (F ϭ 7.39; P Ͻ 0.001). Post-hoc analysis revealed that the time spent in inner area exploration was significantly (P Ͻ 0.01) higher in the biological offspring of low LG-ABN mothers reared by high LG-ABN mothers (L-H) than in the offspring of high LG-ABN mothers reared by low LG-ABN mothers (H-L). Groups lying below the solid line differ significantly from those above the line. (C) Mean Ϯ SEM percentage frequency of licking/grooming, collapsed over the first 10 days postpartum in the adult female offspring from the cross-fostering study (n ϭ 5 to 7 per group). The ANOVA revealed a significant effect (F ϭ 26.28; P Ͻ 0.0001) of the mother, a significant effect of cross-fostering (F ϭ 13.56; P Ͻ 0.0001) and a significant mother ϫ cross-fostering interaction effect (F ϭ 8.13; P Ͻ 0.001). Post-hoc analysis revealed that the frequency of maternal licking/grooming was significantly (P Ͻ 0.001; solid line) higher in the biological offspring of low LG-ABN mothers reared by high LG-ABN mothers (L-H) than in offspring of high LG-ABN mothers reared by low LG-ABN mothers (H-L).
pal glucocorticoid receptor (GR) mRNA expression, increased central benzodiazepine (CBZ) receptor levels in the central and basolateral nuclei of the amygdala, and decreased corticotropin-releasing factor (CRF) mRNA in the paraventricular nucleus of the hypothalamus (PVNh) (3, 4) . As adults, the offspring of handled, low LG-ABN mothers showed hippocampal GR mRNA levels that were comparable to those observed in the offspring of either handled (H) or nonhandled (NH) high LG-ABN mothers and were significantly higher than those in the offspring of NH/LG-ABN females (Fig. 2 , C and D) (14 ) . Moreover, the offspring of the H/low LG-ABN females showed significantly reduced CRF mRNA levels in the paraventricular nucleus of the hypothalamus in comparison to the offspring of the NH/low LG-ABN mothers (Fig. 2, C and E) (14 ) . CRF mRNA levels in these animals were comparable to those of the offspring of H or NH high LG-ABN mothers. In previous studies, we also found that the offspring of high LG-ABN mothers show increased CBZ receptor binding in the amygdala in comparison with the offspring of low LG-ABN mothers (3, 4) . As expected, the adult offspring of H/low LG-ABN mothers showed CBZ receptor levels in the central and basolateral nuclei of the amygdala that were comparable to those observed in the offspring of either H or NH high LG-ABN mothers and were significantly LG-ABN mothers (F 1 ), with handled (H) or nonhandled (NH) pups (n ϭ 5 to 7 per group). The ANOVA revealed a significant group ϫ pup treatment interaction effect (F ϭ 7.67; df ϭ 1, 19; P Ͻ 0.01). Post-hoc analysis showed that low LG-ABN mothers with nonhandled offspring showed significantly ‫,ء(‬ P Ͻ 0.01) less licking/grooming than any other group, including low LG-ABN mothers with handled offspring. The same group ϫ pup treatment interaction effect (F ϭ 9.78; df ϭ 1, 24; P Ͻ 0.001) in pup licking/grooming was apparent in the lactating female offspring ( 4 per group) . The two-way ANOVA (group ϫ region) revealed a marginal group effect (F ϭ 3.04; df ϭ 3, 12; P Ͻ 0.10) and, more important, a significant group ϫ region interactions effect (F ϭ 3.18; df ϭ 6, 24; P Ͻ 0.02). Post-hoc analysis showed that for both the basolateral (P Ͻ 0.05) and the central (P Ͻ 0.002) regions of the amygdala, CBZ receptor levels were significantly ‫,ء(‬ P Ͻ 0.05) lower in the offspring of the low LG-ABN/NH animals than in any other group. Bar shading is the same as in (A).
higher than those in the offspring of NH/LG-ABN females (Fig. 2F) (15) . These findings suggest that individual differences in the expression of genes in brain regions that regulate stress reactivity can be transmitted from one generation to the next through behavior. The studies of Denenberg (16) in rodents suggested that individual differences in behavioral fearfulness to novelty could be transmitted from parent to offspring through a nongenomic mechanism of inheritance. The results of the present study support this idea and suggest that the mechanism for this pattern of inheritance involves differences in maternal care during the first week of life. In humans, social, emotional, and economic contexts influence the quality of the relationship between parent and child (17 ) and can show continuity across generations (18) . Our findings in rats may thus be relevant in understanding the importance of early intervention programs in humans. obtained from Charles River Canada (St. Constant, Québec), mated with males drawn randomly from our colony breeding stock, and maintained under previously described conditions (3, 4) . In cases where the offspring of high or low LG-ABN mothers were used in studies, no more than two animals per group were drawn from any single mother. Dev. Psychobiol. 22, 55 (1989) and (3, 4) ] for six 100min observation periods daily for the first 10 days postpartum by individuals unaware of the origin of the animals. The following behaviors were scored: mother off pups; mother licking/grooming any pup; and mother nursing pups in either an arched-back posture, a "blanket" posture (in which the mother lies over the pups), or a passive posture (in which the mother is lying either on her back or side). The data were analyzed as the percentage of total observations (frequency per total observations ϫ 100) in which animals engaged in the target behavior (3, 4) . In order to define populations, we observed the maternal behavior in a cohort of 32 mothers and devised the group mean and standard deviation for each behavior over the first 10 days of life. High
LG-ABN mothers were defined as females whose frequency scores for both licking/grooming and archedback nursing were greater than 1 SD above the mean. Low LG-ABN mothers were defined as females whose frequency scores for both licking/grooming and archedback nursing were more than 1 SD below the mean. As in our previous reports (3, 4) , the frequency of licking/ grooming and arched-back nursing were highly correlated (r Ͼ ϩ0.90). The adult female offspring of high and low LG-ABN dams were then mated and observed for maternal behavior with the use of the same procedures described above over the first 10 days postpartum. As previously reported (3, 4) , there were no differences in the percentage of total observations in which the offspring of high or low LG-ABN mothers were observed to be in contact with their pups (53 Ϯ 5 versus 51 Ϯ 4%; NS). Variations in licking/grooming or arched-back nursing were not related to differences in time spent with pups. 7. R. McCarty and J. H. Lee, Physiol. Behav. 59, 71 (1996) .
Female offspring of high or low LG-ABN dams were mated and allowed to give birth. Within 12 hours of birth, dams were removed from the home cage and two animals per litter were cross-fostered. The cross-fostered pups, along with two native pups, were labeled with a permanent marker (Codman pens, Johnson & Johnson) until day 10 of life and were identified by individual differences in the pattern of pelage pigmentation thereafter. All litters were culled to 12 pups. Subsequent studies showed that marking the pups had no effect on maternal licking/grooming; marked pups are licked/groomed no more or less frequently than unmarked pups (10) . The dam was returned once the foster pups were introduced into the new litter. The entire procedure took less than 15 min. The data were analyzed using a two-way analysis of variance (ANOVA) (mother ϫ cross-fostering condition). 8. S. Maccari et al., J. Neurosci. 15, 110 (1995) . 9. Fearfulness under conditions of novelty was studied by means of an open-field test of exploration as previously described (4). Animals were placed one at a time, in a novel, circular open field 1.6 m in diameter for 5 min. The critical measure of exploration was the time (s) spent in the inner area of the novel arena (that is, entire body of the animal being Ͼ10 cm away from any wall (Ͼ10 cm) enclosing the open field. 10. D. Francis and M. J. Meaney, unpublished data. 11. The handling procedure involved removing the mother and then pups from their cage, placing the pups together in a small container, and returning the animals and their mothers to their cage 15 min later. The manipulation was performed daily for the first 14 days of life, and the animals were tested as fully mature adults. Nonhandled animals were left completely undisturbed until day 12 of life, at which time normal cage maintenance was initiated. Mothers of handled pups consistently showed an increased fre-
